][SO 3 CF 3 ] (R = Xyl, 1a; R = Me, 1b; R = CH 2 Ph, 1c; Xyl = 2,6-Me 2 C 6 H 3 ) undergo replacement of the coordinated nitrile by halides, diethyldithiocarbamate, and dicyanomethanide to give [Fe 2 {µ-CN(Me) (R)}(µ-CO)(CO)(X)(Cp) 2 ] complexes (R = Me, X = Br, 4a; R = Me, X = I, 4b; R = CH 2 Ph, X = Cl, 4c; R = CH 2 Ph, X = Br, 4d; R = CH 2 Ph, X = I, 4e; R = Xyl, X = SC(S)NEt 2 , 5a; R = Me, X = SC(S)NEt 2 , 5b; R = Xyl, X = CH(CN) 2 , 7), in good yields. The molecular structure of 5a shows an unusual η 1 coordination mode of the dithiocarbamate ligand.
Introduction
Nitrile ligands are of widespread use in coordination and organometallic chemistry. They usually behave as labile ligands and their complexes are often considered equivalent to coordinatively unsaturated species. However, in a number of cases, metal coordination results in activation of nitriles toward nucleophilic addition. Examples include the additions of amines, alcohols and water, which have provided routes to transform nitriles into the corresponding azavinylidenes, amides, imidic esters, and aminidines [1] .
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We have found that nitrile ligands in dinuclear complexes of the type [M 2 {µ-CN(Me)(R)}(µ-CO) (CO)(NCMe) (Cp) (Cp) 2 ][SO 3 CF 3 ] (3) can react in both ways. Thus, nitriles in 1 -3 are easily displaced by a number of different ligands, including hydride, cyanide and halides [2] , thiocyanide and azide [3] , amines and imines [4] . Displacement of nitrile ligands by phosphanes has been described for the analogous aminocarbyne complexes [Fe 2 {µ-CN(Me) 2 } 2 (CO)(NCR) (Cp) 2 ][SO 3 CF 3 ] 2 [5] .
-CN(Me)(Xyl)}(µ-CO)(CO)(NCtBu)
Moreover, MeCN displacement by alkynes is assumed to occur as a preliminary step in the observed alkyne insertion into the metal-carbyne bond of complexes 1 and 2 [6] .
On the other hand, examples of nucleophilic addition involving the nitriles in 1 -3 are also known. In particular, the addition of acetylides to the nitrile ligand in complexes [M 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO) (NCtBu) (Cp) 6 -H 4 R ) (Cp) 2 ] + have been shown to undergo nucleophilic addition of acetylides [8] .
-CN(Me)(R)}(µ-CO)(CO)(p-NCC
Herein, we report an extension of the nitrile substitution reactions on complexes 1 -3, including different S-, P-and C-ligands.
Results and Discussion

Substitution reactions in diiron and diruthenium aminocarbyne complexes
We have previously reported on the substitution of the MeCN ligand in 1a by halides, to afford the complexes [Fe 2 (Cp) 2 ] [X = Cl, Br, I] [2] . Now we have found that the aminocarbyne complexes 1b and 1c also react with an excess of LiCl, LiBr, or KI in refluxing CH 2 Cl 2 to form the corresponding halide complexes 4a -e in good yields (Scheme 1). The substitution reaction can be extended to other ligands. Thus, 1a and 1b react with NaSC(S)NEt 2 resulting in the formation of the dithiocarbamate complexes 5a and 5b, respectively (Scheme 1).
{µ-CN(Me)(Xyl)}(µ-CO)(CO)(X)
Likewise, phosphanes can replace the acetonitrile ligand in compounds 1 and 2. Hence, the complexes 6a -h have been obtained in high yield by treatment of the diiron complexes 1a -b and diruthenium complexes 2a -b with a variety of phosphanes (Scheme 2).
All compounds 4 -6 were purified by chromatography on alumina and characterized by IR and NMR spectroscopy and elemental analysis. The molecular structures of 5a and 6a have been ascertained by Xray diffraction studies (see below). The IR spectra (in CH 2 Cl 2 solution) of 4 -6 exhibit the usual pattern consisting of terminal and bridging carbonyl absorptions. The 1 H NMR spectra of 4c -e, 5a, 6a -c, 6g, reveal Scheme 1.
Scheme 2.
the presence of two isomers. These are attributable to the different orientations that R (CH 2 Ph or Xyl) and Me can assume with respect to the non-equivalent Fe or Ru atoms as a consequence of the double bond character of the µ-C-N interaction. As usually found in this type of complexes, the isomers are present in comparable amounts when R = CH 2 Ph, whereas the E isomer prevails for R = Xyl [2 -4] . This behaviour is simply explained on the ground of steric arguments, since the more favourable configuration has the sterically demanding groups N-Xyl and L pointing in opposite directions (see Chart 1). Due to the mutual Cp position (cis and trans isomers) further isomeric forms are, in theory, possible. However, IR and NMR data, including NOE investigations, indicate that compounds 4 -6, in solution, are exclusively cis. This is consistent with the fact that analogous complexes containing the Chart 1. E-Z isomers in diiron µ-aminocarbyne complexes.
[Fe 2 (CO) 2 . This complex was obtained from 1a by replacing MeCN with SCN − at r. t., and quantitatively converted into the corresponding cis isomer upon heating at reflux in THF, suggesting that nitrile substitutions might proceed via the formation of trans intermediates which, then, isomerize to the more stable cis form. In the light of these considerations, we have performed some of the reactions described in Schemes 2 and 3 at r. t., with the aim of isolating, or merely observing, the trans isomers of the described products. Only in one case, namely in the reaction of 1b with KBr, we were able to obtain 4a as a cistrans isomeric mixture (see details in the experimental part). As expected, the reactions are sluggish and conversions are slower when performed at r. t.
Complexes 5a -b contain a dithiocarbamate ligand in an unusual η 1 -coordination mode (see below). Dithiocarbamate ligands are usually coordinated in an η 2 -fashion, both in poly- [9] and in mononuclear species [10] . The η 1 -mode is less common, and is mainly found in mononuclear compounds [11] , whereas only few cases have been reported for polynuclear complexes [12, 13] . To the best of our knowledge, 5a represents the first example of a diiron compound containing an η 1 -coordinated dithiocarbamate ligand. A medium-intensity band at 1458 cm −1 , observed in the IR spectrum (in KBr pellets) of 5a, and assigned to the C-N interaction of the dithiocarbamate frame, confirms that the ligand is monodentate. The SCS carbon atom resonates at ca. 207 ppm.
It has to be remarked that the nitrile displacement described above provides an efficient route to the coordination of a variety of ligands, with higher yields and under milder reaction conditions than those of the corresponding CO displacements. Indeed, the carbonyl complexes [Fe 2 {µ-CN(Me)(R)}(µ-CO)(CO) 2 Substitution of nitrile by a carbanionic reagent (e. g. LiR) should provide a direct route to the formation of Fe-C bonds, and the coordination of alkyls, aryls or alkynyl ligands. However, it has to be considered that diiron and diruthenium aminocarbyne complexes can react with LiR in a variety of ways. In fact, beside ligand substitution, other reaction paths are available: i) nucleophilic addition at CO or Cp ligands to give stable acyl and cyclopentadiene derivatives, respectively [14] ; ii) reduction and fragmentation of the dinuclear frame [15] ; iii) nucleophilic addition at the coordinated nitrile [7 -8] ; iv) removal of acidic protons [16] . This latter possibility was observed previously upon treatment of 1a -c (9) was obtained by treatment of 3 with LiPPh 2 (Scheme 4). Compounds 8 -9 have been characterized by spectroscopy and elemental analysis. The structure of 8 has been ascertained by X-ray diffraction studies and mass spectrometry.
The NMR data of compound 8 definitely indicate the presence in solution of one isomeric form (E isomer), whereas significant amounts of the Z isomer are present in 9. The low-frequency IR band of the bridging carbonyl in 8 (1775 cm −1 ) accounts for the strong σ donation of the phenyl ligand. Several examples of mono- [17] and polynuclear [18] complexes of iron and ruthenium, containing phenyl groups acting as terminal η 1 ligands, have been reported. By contrast, only few cases of η 1 -aryl-bridged complexes are known [19] .
Interestingly, complex 9 can be obtained also
with LiPPh 2 , whereas attempts to generate 9 by deprotonation of the corresponding cationic species 6a were unsuccessful. Scheme 5. Unlike LiPh, LiMe fails to produce, upon reaction with 3, the expected σ -methyl complex [Fe 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO)(Me)(Cp) 2 ]. The reaction affords the terminally bonded aminoalkylidene com-
(10) (Scheme 5), which was isolated in low yield, among other unidentified decomposition products.
Complex 10 has been characterized by spectroscopy and elemental analysis. Its spectroscopic features are remarkably similar to those of related diiron aminoalkylidene complexes of the type
, previously reported [20] . The IR band pattern, in the carbonyl region, consists of two strong absorptions at 1932 and 1710 cm −1 , which accounts for one terminal and two bridging CO ligands. The aminocarbene carbon resonance at δ = 275.5 ppm is within the typical range of aminoalkylidene signals. The formation of 10 is presumably the result of a nucleophilic attack of CH 3 − at the bridging carbyne carbon atom of 3. Generation of the aminocarbene ligand is followed by a shift of the ligand from the bridging to the terminal position, in agreement with the ascertained higher stability of the terminal coordination [20] . However, other mechanisms should not be excluded. In fact, the reaction might proceed via displacement of the nitrile, followed by intramolecular coupling between the methyl and the aminocarbyne ligands. In both cases, an additional CO ligand, probably arising from some parallel decomposition reactions, is required to provide stabilization to the otherwise unsaturated species. Finally, it is worth noting that the cor- [14] . Therefore, the presence of a nitrile ligand in the place of a carbonyl group completely changes the reaction outcome.
The reactions of 1 -3 with acetylides are known to proceed via deprotonation of MeCN or nucle- Scheme 6. ophilic attack at the nitrile ligand rather than giving substitution of the nitrile and formation of σ -alkynyl products [7, 8, 3 ] was treated with trimethylamine-N-oxide in acetone solution and, subsequently, reacted with LiC ≡ CR (R = p-C 6 H 4 Me, Ph, SiMe 3 ) in THF, leading to the formation of the σ -alkynyl complexes 11a -c (Scheme 6).
Compounds 11a -c have been identified by comparison of the IR and 1 H NMR data with those reported in the literature [21] . The results described in Scheme 6 show a direct and efficient route to σ -coordinated alkynyl complexes which are by far less common [22] than the species with bridging alkynyl ligands [23] . Alkynyl complexes are of great interest for several potential applications such as non linear optics, luminescent materials, and molecular devices [24] .
A final consideration concerns the reactivity of the complexes 11a -c. These are relatively stable except 11c, which appears to be very sensitive to hydrolysis. In particular, when chromatographed on alumina, with CH 2 Cl 2 as eluent, compound 11c is converted into the acyl complex [
Compound 12 has been identified by spectroscopy and comparison with the data reported in literature for analogous diiron aminocarbyne acyl-complexes [14] . Hydration of ruthenium-coordinated acetylides affording acyl derivatives is known [25] , but usually requires strong acids (HBF 4 , HOTf), whereas the reaction described in Scheme 7 occurs under surprisingly mild conditions.
Description of the molecular structures of 5a, 6a and 8
The structure models of the title compounds are shown in Figs. 1, 2 and 3. Selected details are compared in Table 1 . The overall constitution is similar in the three species. The cyclopentadienyl ligands are in cis configuration and the dithiocarbamate (5a), diphenylphosphane (6a) and phenyl (8) ligands occupy equivalent terminal coordination sites. The molecules are necessarily asymmetric, and while the crystals of 5a and 6a are racemic, 8 contains homochiral molecules. A significant configurational difference is the orientation of the methyl and xylyl groups of the bridging aminocarbyne ligand. The bulkier xylyl is kept far from the dithiocarbamate and phenyl ligands in 5a and 8, respectively, but close with respect to the phosphane ligand in 6a. A rationale of this feature is found in the almost parallel alignment of the xylyl plane with that of a phosphane phenyl group (interplanar angle ca. 8 • and distance 3.36Å). The ring overlap is partial but enough to establish a graphitelike π-π-stacking. In the common moieties of the three species the cation of 6a shows some significant differ- ences from the neutral molecules 5a and 8. In particular a marked asymmetry is observed in 5a and 8 for the bridging carbonyl ligand [C(1)O (1)] with a shorter distance from the Fe(1) atom which bears the anionic ligand. The effect, although less pronounced, is observable also for the bridging aminocarbyne carbon atom [C(3)] and can be attributed to a good σ -donation to Fe(1) from the sulphur atom (5a) and phenyl group (8) that induces more pronounced back-donation to the bridging ligands with respect to Fe(2) bearing a terminal CO ligand. The bond asymmetry is less pronounced in 6a in part because the neutral phosphane is less basic than the anionic ligands, but also because the delocalization of the cationic charge allows a better charge balance on the various atoms in 6a.
Conclusions
Displacement of the labile acetonitrile ligand in the diiron and diruthenium µ-aminocarbyne complexes 1 -3 provides an effective route to the coordination of a variety of ligands: halides, phosphanes and dithiocarbamates. The latter exhibit an unusual η 1 -coordination mode of the potentially bidentate S-ligand.
Conversely, substitution of nitriles by lithium organyls is restricted to LiPh and limited to the use of NCtBu which does not contain acidic protons. The lack of general character of these substitution reactions is due to the prevalence of other reaction paths, including nucleophilic addition to the coordinated ligands. However, the use of acetone in place of nitriles as a labile ligand provides a successful route to the synthesis of σ -alkynyl complexes by reaction with lithium acetylides.
Experimental Section
Materials and measurements
All reactions were routinely carried out under a nitrogen atmosphere, using standard Schlenk techniques. Solvents were distilled immediately before use under nitrogen from appropriate drying agents. Chromatography separations were carried out on columns of deactivated alumina (4 % w/w water). Glassware was oven-dried before use. Infrared spectra were recorded at 298 K on a PerkinElmer Spectrum 2000 FT-IR spectrophotometer and elemental analyses were performed on a ThermoQuest Flash 1112 Series EA instrument. ESI MS spectra were recorded on a Waters Micromass ZQ 4000 instrument with samples dissolved in CH 3 CN. All NMR measurements were performed on Varian Gemini 300 and Mercury Plus 400 instruments. The chemical shifts for 1 H and 13 C were referenced to internal TMS. The spectra were fully assigned via DEPT experiments and 1 H-13 C correlation measured through gs-HSQC and gs-HMBC experiments [26] . Unless otherwise stated, NMR spectra were recorded at 298 K; NMR signals due to a second isomeric form (where applicable) are italicized. NOE measurements were recorded using the DPFGSE-NOE sequence [27] . All reagents were commercial products (Aldrich) of the highest purity available and used as received. [Fe 2 (CO) 4 2 Ph, X = Cl, 4c; R = CH 2 Ph, X = Br, 4d; R = CH 2 Complex 4a was dissolved in CH 2 Cl 2 and the solution was stirred for 6 h at reflux temperature. The mixture was filtered through alumina, and an ochre-yellow band, corresponding to cis-4a was collected, using THF as eluent.
(Cp) 2 ] was purchased from Strem and used as received. Compounds [M 2 {µ-CN(Me)(R)}(µ-CO) (CO)(NCMe)(Cp
Syntheses of [Fe 2 {µ-CN(Me)(R)}(µ-CO)(CO)(X)(Cp) 2 ] (R = Me, X = Br, 4a; R = Me, X = I, 4b; R = CH
Compounds 4b -e were prepared by reacting 1b -c with LiCl, KBr or KI, respectively, in boiling CH 2 Cl 2 for 6 h. Successive work-up was analogous to that described for 4a. 
Syntheses of [Fe 2 {µ-CN(Me)(R)}(µ-CO)(CO){SC(S)NEt} 2 (Cp) 2 ] (R = Xyl, 5a; R = Me, 5b)
Complex 1a (100 mg, 0.158 mmol), was dissolved in THF (15 mL) and treated with NaSC(S)NEt 2 (32 mg, 0.187 mmol) at reflux temperature for 45 min. Removal of the solvent and chromatography on alumina gave a red band, which was collected using a 1 : 1 mixture of CH 2 Complex 5b was prepared by the procedure described for 5a, by reacting 1b with NaSC(S)NEt 2 . Crystals suitable for X-ray diffraction were obtained from a CH 2 
Syntheses of [Fe 2 {µ-CN(Me)(R)}(µ-CO)(CO)(L)(Cp) 2 ]
[CF 3 SO 3 
PPh 2 H (0.42 mmol) was added to a solution of 1a (147 mg, 0.232 mmol) in THF (15 mL), and the mixture was heated at reflux for 3 h. Then, the solvent was removed and the residue, dissolved in CH 2 Cl 2 , was chromatographed on alumina. The product 6a was obtained as a dark brown fraction, using MeOH as eluent. Yield: 141 mg, 78 %. Crystals suitable for X-ray diffraction were obtained from a 
Synthesis of [Fe 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO){CH(CN) 2 } (Cp) 2 ] (7)
Compound 1a (116 mg, 0.183 mmol), dissolved in THF (10 mL), was treated with a THF solution (1.0 mL) of NaCH(CN) 2 (0.34 mmol), freshly prepared from CH 2 (CN) 2 and Na.
The mixture was stirred at reflux temperature for 20 min; then, the solvent was removed under vacuum. Chromatography of the residue on alumina afforded a green band (75 
Synthesis of [Fe 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO)(Ph)(Cp) 2 ] (8)
A solution of 3 (108 mg, 0.160 mmol), dissolved in THF (15 mL), was cooled to −30 • C and treated with LiPh (0.21 mmol in cyclohexane/diethyl ether solution). The mixture was stirred for 2 h, then it was filtered through celite, and the solvent removed. Chromatography of the residue on alumina, using CH 2 Cl 2 as eluent, afforded a dark green band, corresponding to 8. Crystals suitable for X-ray diffraction were collected from a CH 2 Cl 2 solution of 8 layered with petroleum ether, at −20 • C. Yield: 56 mg, 67 %. 
Synthesis of [Fe 2 {C(Me)N(Me)(Xyl)}(µ-CO) 2 (CO)(Cp) 2 ] (10)
A solution of 1a (100 mg, 0.148 mmol) in THF (10 mL) was cooled to −30 • C and treated with LiMe (0.17 mmol in 0.17 mL of a diethyl ether solution). The mixture was stirred for 2 h, then it was filtered though alumina. Subsequently, the residue was chromatographed on alumina and a dark green band was collected using THF as eluent. (Cp) Table 2 . Crystal data and experimental details for complexes 5a, 6a and 8.
Syntheses of [Fe 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO)(C≡CR)
(15 mL) and treated with Me 3 NO (17 mg, 0.227 mmol). The mixture was stirred for 30 min and filtered on a celite pad. The volatile material was removed in vacuo. The residue was dissolved in THF (15 mL) and treated, at −30 • C, with a THF solution of LiC≡CTol (2.0 mL, 0.15 mmol), freshly prepared from HC≡CTol and nBuLi. The mixture was allowed to warm to r. t., stirred for an additional 40 min and then filtered through a celite pad. Removal of the solvent gave a yellow residue which was washed with petroleum ether (2 × 20 mL) to afford 11a. Complex 11b -c were obtained by the same procedure described for 11a, by reacting 12 with LiC≡CPh and LiC≡CSiMe 3 , respectively. (Cp) 
Synthesis of [Fe 2 {µ-CN(Me)(Xyl)}(µ-CO)(CO){C(O)Me}
X-Ray crystallography for 5a, 6a and 8
The diffraction experiments were carried out at r. t. on a Bruker AXS SMART 2000 CCD based diffractometer using graphite monochromated MoK α radiation (λ = 0.71073Å). Intensity data were measured over the full diffraction sphere using 0.3 • wide ω scans and a crystal-to-detector distance of 5.0 cm. The software SMART [28] was used for collecting frames of data, indexing reflections and determination of lattice parameters. The collected frames were then processed for integration by software SAINT [28] and an empirical absorption correction was applied with SADABS [29] . The structures were solved by direct methods (SIR97) [30] and subsequent Fourier syntheses, and refined by full-matrix least-squares calculations on F 2 (SHELXTL) [31] attributing anisotropic thermal parameters to all non-hydrogen atoms. In complex 8, the Cp ligand bound to Fe(2) was found disordered over two positions and the site occupation factors were refined yielding the values 0.60 and 0.40, respectively. The methyl, methylene and arene hydrogen atoms were placed in calculated positions and refined with idealized geometry, whereas the H atom attached to P(1) in 6a was located in the Fourier map and refined isotropically. The racemic mixture of complex 8 crystallized as a conglomerate of chiral crystals in the space group P2 1 for which the absolute structure was determined. Further details of data collection and refinement are listed in Table 2. CCDC 625083 (5a), CCDC 625084 (6a) and CCDC 625085 (8) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
